There is now abundant evidence that a substantial hydrogen ion gradient exists between extracellular and intracellular water. The mechanism maintaining this gradient is not known, but for most cells it does not appear to be a function of simple Gibbs-Donnan equilibrium. Moreover, under a variety of circumstances, changes in the pH of one fluid compartment may occur without producing comparable changes in the other (1). Apparently, therefore, studies of acid-base metabolism cannot be restricted just to a consideration of extracellular hydrogen ion concentration but should include independent estimates of the pH changes within cells.
There is now abundant evidence that a substantial hydrogen ion gradient exists between extracellular and intracellular water. The mechanism maintaining this gradient is not known, but for most cells it does not appear to be a function of simple Gibbs-Donnan equilibrium. Moreover, under a variety of circumstances, changes in the pH of one fluid compartment may occur without producing comparable changes in the other (1) . Apparently, therefore, studies of acid-base metabolism cannot be restricted just to a consideration of extracellular hydrogen ion concentration but should include independent estimates of the pH changes within cells.
In vivo studies of intracellular pH in the mammalian species have dealt largely with muscle and erythrocytes. Recently, estimates of whole body intracellular pH have been made in dogs and in humans by the 5,5-dimethyl-2,4-oxazolidinedione (DMO) technique (2, 3) , and the pH of brain cells has been measured in rats by the H2CO3-HC03-system (4). However, no systematic study has appeared concerning acid-base regulation in brain cells. In our study the effects of various experimental modifications of extracellular pH on the intracellular pH of brain have been determined in dogs by the DMO technique.
The DMO method, first introduced by Waddell and Butler for the indirect measurement of the internal pH of muscle cells (5) , requires an estimate of the extracellular fluid volume (ECF) of the tissue under study. As there is no general agreement concerning the magnitude of brain * Submitted for publication March 18, 1963 ECF nor any agreement concerning the substance to be used in determining brain ECF, we used both endogenous chloride and radiolabeled sulfate spaces as estimates of the extracellular fluid space of the brain. The data obtained in these studies have proven to be relevant not only to acid-base metabolism in the brain but also to the problem of the magniitude of brain extracellular volume.
Materials and Methods
Dog experiments. Forty-three adult, mongrel dogs weighing between 10 and 14 kg were studied. Each dog was anesthetized with sodium phenobarbital in a dose of 125 mg per kg. After insertion of an endotracheal tube, spontaneous ventilation was abolished with iv succinyl choline and artificial ventilation maintained with either an Etsten or Harvard pump set to deliver approximately 4 L of room air per minute. The kidneys were mobilized through an extraperitoneal approach, and the renal pedicles, including blood vessels and ureters, were ligated. Indwelling polyethylene catheters were placed in a femoral artery and an external jugular vein. The animal's scalp and underlying musculature were "peeled" off the skull, and the left posterior aspect of the bony calvaria was rongeured away. After the exposed dura was excised, from the occipital pole of the left cerebral hemisphere approximately three g of tissue was dissected with a sharp knife. Gel foam was placed in the wound and the cranial defect covered with dry gauze. Bleeding eventually stopped spontaneously after an estimated blood loss of approximately 15 ml. Simultaneous with biopsy of the brain, 30 ml of heparinized arterial blood was collected for chemical analysis. Over a 10-minute period 1.5 g DMO in 30 ml of 5%o glucose in water and, in some dogs, 5 mc of Na2S604 were injected intravenously. The end of the injection was designated as "0" time. Four hours later approximately 3 g of tissue from the right occipital pole was removed in a manner similar to that on the left, and a second simultaneous 30-ml sample of heparinized arterial blood was obtained. DMO has been shown to equilibrate with muscle within 1 hour (5) and to reach equilibrium throughout total body water by the end of 3 hours (2).
In 4 animals the rate of equilibration of DMO in muscle water and brain water was determined. After the infusion of 1.5 g of DMO in 30 ml of 5% glucose in 431 water, sequential samples of plasma, muscle, and brain were obtained for periods up to 3 hours. These samples were analyzed for total DMO concentration.
In 11 animals the rate of achievement of a steady state S3504 distribution between plasma and brain water was determined. After the iv injection of 5 mc of Na2S3504, sequential samples of plasma and of brain were obtained for periods up to 12 hours. These samples were analyzed for radioactivity, and sulfate was calculated (see below). The remaining animals were divided into 5 groups. Seven dogs served as controls and received a 200-ml infusion of 5%o glucose in water over a 30-minute period. The next 3 groups of animals received a mineral acid or base administered intravenously in 200 ml of 5% glucose in water over a 30-minute period; 6 dogs received 150 mmoles NaHCO3 each, 4 dogs received 150 mEq Tris [tris (hydroxymethyl) aminomethane] each, and 6 dogs received 30 mEq HCl each. A fifth group of 5 dogs was exposed to a mixture of 10%o CO., and 90% 02 for 1 hour. At the end of the fifth hour of the experiment, or one-half hour from the completion of the infusions and at the end of the period of CO. inhalation, the right frontal pole of the brain was removed simultaneously with a third, 30-ml sample of heparinized arterial blood.
In some dogs, one or more adjustments in the volume of minute ventilation were required during the initial portion of the experiment to bring the plasma pH within the normal range. Arterial blood pressure was monitored throughout the experiment to maintain the mean arterial pressure above 60 mm Hg. 
Results
Rate of equilibration of DMO in brain water. These data are shown in Table I . They show that after iv injection of DMO, the rate of equilibration of DMO with brain water does not appear to be substantially slower in brain water than in muscle water. By the end of 30 minutes, total DMO concentration in brain water achieved 84 to 92%o of its equilibrium value, and by 60 to 120 minutes equilibrium appeared to be complete. Thus the penetration of this substance does not appear to be influenced by the "blood-brain barrier," and the preliminary period of 4 hours used for equilibration appears to be sufficiently long for this purpose.
Rate of achievemenit of steady state radiosulfate in brain. Figure 1 summarizes the data conThe value of pK'a given by Waddell and Butler for DMO is 6.13 at 370 C. The calculated DMO-concentration of plasma water was multiplied by 1.05 to correct for Gibbs-Donnan equilibrium effect on the distribution of DMO-ions between plasma and extracellular fluid. Extracellular pH (pH.) was derived by the addition of 0.02 U to plasma pH. The total DMO concentration of intracellular brain water (total DMO) was calculated from the following formula: stances, and with a space of 20%o or greater, paradoxical changes in the relationship between extracellular and intracellular pH occur, not only after HCl infusion, but also following NaHCO3 and Tris. These changes cannot be explained by any known mechanism.
Discussion
We recognize that the methods used in these studies have certain practical and theoretical limitations. The animals were subjected to a prolonged period of barbiturate anesthesia, and trauma to the brain was inevitable with the repeated biopsies. The hypotension seen in approximately 15%o of the animals and the metabolic acidosis that developed in the dogs receiving 5% glucose in water are evidence that the condition of the preparation was by no means physiologic. Hyperventilation of the animals was necessary to maintain ECF pH at relatively normal values during control periods. The effects of whole body CO2 depletion produced by the hyperventilation may well have modified the values obtained for brain pH in these studies. From the theoretical standpoint, the many assumptions required to validate indicator methods for measuring intracellular pH dictate caution in interpreting results using such methods. These assumptions involve such problems as the absolute rate of equilibrium of the indicator system, the influence of the heterogeneity of intracellular water, the relative rate of equilibration of acid-base substances as compared to the rate of equilibrium of the indicator, the value of intracellular pK, the question of intracellular activity of ions versus concentration, and the magnitude of the extracellular space of the tissue. These problems have been discussed elsewhere, and it is generally agreed that under appropriate circumstances an approximation to over-all intracellular pH can be made with these techniques (1, 2, 5 ).
In the case of the brain, the problem of the magnitude of the brain extracellular space is especially perplexing, as there is no general agreement on this question, and a wide range of estimates for brain ECF have been obtained by different techniques. The chloride space as a measure of brain ECF is still accepted by some workers and was used recently by Woodbury, Koch, and Brodie (4, 13) in studies of brain intracellular pH in rats. Davson and Spaziani (6) found a chloride space of 32%o 5 for rat brain slices, but after washing out the specimens with a nitrate solution, 10%o of the chloride remained in the tissue. These findings were interpreted as indicating that the upper limit of the true ECF is only 22%o, some 10%o of the chloride being intracellular. Allen (14) (4) . Recently, Brodie and Woodbury (13) , using the latter system, found the initra-cellular pH of rat brain cortex to be 7.04 U, representing a cell to plasma gradient of 0.37 pH U. These results, however, were calculated on the assumption that the ECF was equivalent to the chloride space. Jasper and Erickson (23), using glass electrodes, obtained values of 7.15 to 7.35 U for the pH of cat brain cortex.
The effects of NaHCO3, HCI, and CO2 on brain intracellular pH are similar to the effects of these agents on the intracellular pH of a number of other tissues as determined by a variety of techniques (1) . Of particular interest, however, are the recent reports of Waddell and Butler (5) on muscle pH and of Robin and his colleagues (2) on whole body pH. Both studies were carried out on the intact dog utilizing the DMO technique. In a series of individual dog experiments, the former workers found that the intracellular pH of muscle increased only 0.04 U when plasma pH was raised 0.26 U by an infusion of NaHCO3. Similarly, muscle pH decreased only 0.13 U when plasma pH was dropped 0.36 U by HCl. On the other hand, inhalation of 30%'o CO2 caused a fall in plasma pH of 0.43 U and a fall in muscle pH of 0.28 U. Robin and co-workers (2) reported that 1 hour after infusion of 150 mmoles NaHCO3, whole body intracellular pH rose only 0.03 U at a time when plasma pH had increased 0.28 U. After the administration of NaHCO.,, there was a substantial increase in brain pH. This increase would have been somewhat larger had Pco2 not risen at the same time. These data suggest that either HCO3-penetrates brain water more rapidly than H+, that this compartment buffers HCO3-less efficiently than H+, or that some special process is responsible for HCO3-transfer. This general finding has been reported by Relman, Adler, and Roy (24) in the isolated rat diaphragm. The apparent difference in the effect of Tris on intracellular pH in the brain and other tissues has been discussed above and may be related to the special properties of the brain as regards electrolyte transfers.
Previous studies concerned with changes in brain intracellular pH brought about by modifications in plasma pH have dealt largely with the effects of CO2. Employing the H2CO3-HCO3-systems, Koch and Woodbury (4) found that brain pH dropped 0.06 U when plasma pH was reduced 0.22 U by maintaining rats in an atmosphere containing 12.57% CO2 for 10 minutes. Results comparable to the present ones were obtained by Brodie and Woodbury (13) with the use of 30%o CO2 and an exposure time of 15 minutes. Under these conditions they found a reduction in rat brain pH of 0.28 U with a fall in plasma pH of 0.46 U. Tschirgi (25) has measured the intracellular pH of rabbit cortex with glass electrodes and states that a fall in pH is affected by CO2 but not by HCl. On the other hand, Jasper and Erickson (23), working with cats, and DeBareene, McCulloch, and Nims (26), working with monkeys, claim that cortical pH, measured with glass electrodes, is similarly affected by CO2 and HCl. The problems of measuring brain intracellular pH by means of hydrogen ion sensitive glass electrodes are considerable and, thus, interpretation of these data is difficult.
Although the difference in the ability of mineral acid and base on the one hand and carbon dioxide on the other to modify brain intracellular pH is understandable in terms of rates of penetration of charged particles across cell membranes, there exist other possible explanations. For example, active transport processes may conceivably maintain hydrogen ion gradients across cell membranes, or the buffering capacity may be different in intracellular water. Moreover, the duration of our observations was only 1 hour. The results obtained after mineral acid and base infusion may not reflect steady-state circumstances. Hence these particular data may be more qualitatively significant than quantitative in showing the relatively rapid penetration of brain water by CO2 as compared with HCl, NaHCO3, and Tris. However, the necessary surgery and experimental maneuvers precluded; studies of substantially longer duration. Had more time transpired, intracellular penetration of these ions might have been more complete. Future studies of chronic effects of acid-base substances on brain intracellular pH would certainly be worthwhile. In this regard, it is worth considering to what extent the present results might have been affected by failure of DMO to pass rapidly across cell membranes and, particularly, across the blood brain barrier. The DMO method for the measurement of intracellular pH is based on the assumption that the rate of diffusion of HDMO is much more rapid than the rate of diffusion of DMO-. As pointed out in the Results, changes in brain total DMO concentration are presumably accomplished by shifts of HDMO into or out of the cell. That such a shift can take place rapidly and to a considerable extent was particularly apparent after administration of HCl, Tris, and NaHCO3. The rapid achievement of a steady state of DMO under control circumstances in brain is also reassuring in this respect. We emphasize that any error introduced by a slow equilibration rate of HDMO would influence the results with NaHCO3, Tris, and HCl infusion in a direction opposite from that obtained in these studies, i.e., intracellular pH would tend to change more in accordance with the magnitude of the change in plasma pH rather than less.
Summary
Measurements of brain intracellular pH under varying experimental conditions have been performed using the 5,5-dimethyl-2,4-oxazolidinedione (DMO) technique. These data indicate that there is a substantial hydrogen ion gradient between plasma and brain water. Acute changes in extracellular pH produced by the inhalation of CO2 gas are rapidly reflected in changes of pH in brain water, whereas acute changes in extracellular pH produced by Na-HCO3, HCl, and Tris infusion are not. The distribution of DMO between plasma and brain water suggests that the upper limit of brain extracellular fluid (ECF) is about 20%o (about 14%o calculated as percentage of brain weight) and, accordingly, that some of the brain chloride is intracellular.
